Abstract. Shape features are often used as characters in cladistic analyses, yet states of these characters are seldom delineated in an objective, repeatable fashion. Carapace shape is one such character that is often used in analyses of mygalomorph spider relationships. For example, most analyses have used cephalic region morphology (e.g. steeply arched v. flat or sloping) as a key feature that delineates some major clades. In practice, carapace shapes at the extremes are relatively easy to identify; however, intermediate carapace shapes have proven to be much more difficult to objectively score in one of three shape categories. In this study, carapace shape is used as an exemplar characteristic to evaluate the utility of shape features in phylogenetic analyses and to evaluate our ability to effectively score discrete character states. Carapaces from 178 spider specimens sampled across 13 of the 15 nominal mygalomorph families were digitally photographed and their outlines were traced and pseudolandmarks plotted. An elliptical Fourier analysis was then employed in an attempt to both delineate and assess character states. It is concluded that landmark analyses are inappropriate for carapace shape delineation as a result of difficulties in scoring precision and, thus, outline analyses are the preferred method given the morphology. Carapace shape is not a very useful character for broad-level systematic studies of mygalomorph relationships owing to the variable nature of the feature and our inability to detect discrete discernable shapes.
Introduction
Despite the almost exclusive use of morphological data during the primacy of the cladistics and phylogenetic 'revolution', most of the recent advances in phylogenetic theory and practice have focussed primarily on the analysis of molecular DNA sequence data. The use of shape or morphometric data as characters in phylogenetic analyses remains a contentious and unresolved subject. As summarised by Zelditch et al. (2000) , the two primary arguments posited against morphometric data focus primarily on the inability to formulate shape characters as discrete states (from David and Laurin 1996) and the inapplicability of the concept of homology to morphometric data (Pimentel and Riggins 1987) . The former issue, breaking shape characters into objectively defined discrete states, presents a major hurdle if shape characters are to be scored and a hypothesis of homology is to be considered.
Unquestionably, the classification of the shapes of morphological structures as discrete characters states for use in phylogenetic analyses can be problematic. 'Organisms exhibit a bewildering array of structures that are often very difficult to abstract meaningfully into scalar values of traditional systematic measurement systems ' (MacLeod and Forey 2002: 3) . Although shape data may intuitively seem appropriate and presumably contain phylogenetic information, the contentious nature (e.g. Pimentel and Riggins 1987) of these data belies the perceived utility. Because discrete features are what is most often used in phylogenetic analyses, shape features and other quantitative characters are almost always partitioned into discrete categories (states). However, on close examination, one often finds that placement of a morphological shape into previously defined discrete categories can be subjective. The real crux of the question becomes, are the states of qualitatively defined (expressed) characters truly discrete; that is, do they lack overlap and is state discernability repeatable? Furthermore, if they are not easily discernable, can a quantitative technique be applied such that character states can be delineated using some set of objective criteria?
Morphometrics, extraction of shape information and/or measurements from biological form, is a technique that has been effectively applied to defining shape and defining respective characters and their states. This approach has proved useful for delineating major clades in other groups (e.g. Marmots; Cardini and O'Higgins 2004) and for potentially diagnosing species (e.g. green algae; Verbruggen et al. 2005) . Alternatively, morphometric approaches to evaluating characters and their respective states have also shown some morphological characters to be poorly defined and that relationships based in part on these ambiguously defined character states are suspect (e.g. dragonfly subfamilies of the Coenagrionidae; O'Grady and May 2003).
Spider carapace shape ( Fig. 1) is a character that is often scored in higher-level analyses of spider relationships. For example, major clades within the spider infraorder Mygalomorphae have been at least partially defined on the basis of carapace shape (Raven 1985; Goloboff 1993; Bond and Opell 2002) . Raven (1985) found the arched shape of the anterior-most aspect of the cephalothorax (termed the caput) to be synapomorphic for the clade Fornicephalae (summarised in Fig. 2 ) and a sloping posterior margin of the thorax to be a synapomorphy for the Tuberculotae (Fig. 2) . The shape and elevation of the caput have been used in several subsequent studies further evaluating mygalomorph phylogeny (Goloboff 1993; Bond and Opell 2002) . Carapace shapes at either end of the 'shape space spectrum' are easily distinguishable as having either an elevated (Fig. 1a) or flat caput (Fig. 1c) ; however, intermediate morphologies are equivocal with respect to their placement in one of the two categories (see Fig. 1b ). As with many characters of this type, formal, testable approaches to delineating character states have not been investigated (Zelditch et al. 2000) .
Mygalomorphs present an interesting problem for phylogeny reconstruction using morphological data and thus is a group that begs further, creative considerations of its morphology. They are considered to be relatively conservative with respect to their morphological evolution and lack many of the complex traits used in phylogenetic reconstructions of their sister-clade, the Araneomorphae (Goloboff 1993) . Cladistic analyses of mygalomorph species-level relationships have historically relied heavily on shape, meristic features, ratios and quantitative characterisations of distributions (e.g. Miller and Coyle 1996) . In this study, we apply morphometric techniques to evaluate the nature of carapace shape in the spider infraorder Mygalomorphae. We ask two fundamental questions. First, to what extent does carapace shape reflect, or coincide, with a traditional view of mygalomorph phylogeny and current famililial designations? Second, can a priori delineated carapace character states be distinguished using morphometric techniques? In general, we ask whether there are distinct groupings of carapace morphology in shape space. We are following the approach outlined by Zelditch et al. (2000) , using morphometrics to detect similarities, differences and discontinuities (MacLeod 2002) in shape for systematic studies.
Materials and methods
The lateral aspect of 178 female carapaces was photographed using a Leica MZ 12.5 stereomicroscope (Leica Microsystems GmbH, Wetzlar, Germany) equipped with a Nikon D5000 digital camera (Nikon, Inc., Melville, NY, USA). Specimens representing 13 of 15 nominal mygalomorph families were selected to provide broad taxonomic sampling and span the range of carapace shapes within the infraorder. One hundred and nineteen specimens representing the Fornicephalae were included as follows: 23 Antrodiaetidae, 12 Ctenizidae, 16 Cyrtaucheniidae, 52 Euctenizinae, 1 Actinopodidae, and 15 Idiopidae. Fifty-nine specimens representing the Tuberculotae were included as follows: 4 Barychelidae, 10 Dipluridae, 7 Hexathelidae, 2 Mecicobothriidae, 5 Microstigmatidae, 9 Migidae, 20 Nemesiidae and 2 Paratropididae. Detailed specimen data and associated digital images are available online (www.mygalomorphae.org/mygalwebsite/Pages/data.html, verified February 2006). Once photographed, specimen images were examined and assigned to one of three carapace categories (high, intermediate, low) .
We first considered a landmark-based approach because this involves at least some homologous points that can be used to produce a Procrustes superimposition and analysed within the mathematical theory of shape space (Zelditch et al. 2004) . However, it became readily apparent when choosing landmarks that only two Type 1 landmarks could be consistently identified (anterior and posterior to the eyes), which provided little information regarding overall shape. The inability to precisely plot Type 2 landmarks also hindered this approach. For example, it was sometimes difficult to plot the ventral anterior and posterior edges of the carapace among specimens with highly rounded carapaces.
The absence of suitable landmarks on the carapace and the fact that many of the shape differences among mygalomorph carapaces involve curves caused us to shift our approach to an outline-based approach. This method involves tracing the outline of the character of interest and then plotting several points. The points are evenly spaced around the outline and are given coordinates that can then be used in an elliptical Fourier analysis.
A Fourier analysis is a mathematical procedure used to determine the collection of sine waves that is necessary to essentially reconstruct the shape of interest. The sine waves differ in frequency and amplitude, with the first (fundamental) having the lowest frequency and largest amplitude. All sine waves with frequencies higher and amplitudes lower than the fundamental are called harmonics. Fourier analysis can only describe relatively simple outlines but elliptical Fourier analysis can describe more complex outlines that include invaginations and other irregular contours. Elliptical Fourier analysis reduces the character outline to a sum of harmonics (geometrically characterised by an ellipse) weighted by four coefficients. These coefficients can be used to reconstruct the outline, which is useful in determining the number of harmonics required to describe the carapace shape. The lower ranked harmonics describe major details of shape, whereas the higher ranked harmonics describe smaller and finer details of shape (Renaud and Michaux, 2004) . If the harmonic coefficients are calculated invariant to size, position, rotation and starting point, they correspond only to shape differences and can be used as shape descriptors in statistical analysis.
We traced the carapace outline by hand in Adobe Illustrator (www.adobe.com, verified January 2006) and used the 'fill' feature to darken the shape, thus creating a sharply contrasting image from which an outline could be easily traced (see Fig. 1) . The shape was then saved in jpeg format and imported in the software tpsDIG32 version 1.31 (Rohlf 2001) . One hundred and twenty points were evenly spaced around the carapace outline using the outline tool in tpsDIG. The coordinates for these 120 points were then converted into .DTA format and loaded into EFAWin (Isaev and Denisova 1995) . We visually determined that 15 harmonics were required to reproduce the outline and then the harmonic coefficients were computed invariant to size, position, rotation and starting point.
The harmonic coefficients were then analysed using algebraic clustering methods. Two categorical variables were coded for each of the shape images: first, by family and subfamily; and second, the data were coded as high, intermediate or low (discussed above). We used two different algebraic techniques to detect differences in carapace shape among the 14 mygalomorph families. First, the coefficients were ordinated via principal components analysis in the software PC-ORD version 4 (McCune and Mefford 1999) to visualise the separation among individuals coded as low, intermediate or high. Second, the families were used as the grouping variable in a discriminant analysis (SPSS version 13; www.spss.com/, verified January 2006). Finally, a similarity matrix based on Euclidean distances was constructed and used in a UPGMA (unweighted pair-group method, arithmetic average) cluster analysis in the software NTSYS-PC (Rohlf 1993) .
Detailed, step-by-step instructions for conducting the analyses described here are available online at www.mygalomorphae.org/ data.html.
Results
The morphometric analysis of mygalomorph carapace shape using an outline-based approach failed to delineate discrete clusters that correspond to high, intermediate or low classes or nominal families/subfamilies (Fig. 3) . A large amount of the variation in carapace shape was described in the first two axes of the principal components analysis (88.4%, Fig. 3a,  b) ; however, discrete groupings are not evident. When the points in the principal components analysis (PCA) are iden- tified as either high, intermediate or low scored carapaces, there is moderate separation into distinct clusters but with much overlap (Fig. 3a) . Specimens coded as 'low' tend to occupy the lower left portion of ordination space, whereas those coded as 'high' tend to occupy the upper right. However, there are several high, intermediate and low specimens in the centre of the ordination plot and although the high and low groups tend to occupy different portions of the plot, there is not a sharp demarcation between them.
A similar pattern is observed in the UPGMA analysis (Fig. 3c) . When the specimens are coded by family, none of the families form a single group. Instead the families are scattered throughout the phenogram. For example, the Nemesiidae appear in 15 separate places and even the Antrodiaetidae, which clustered more tightly in the PCA plot, appear in three different places on the UPGMA tree. When the data are alternatively coded as high, intermediate and low there is still little tendency for the groups to cluster together (Fig. 3c) . For example, the specimens coded as low appear 13 different times across the phenogram.
When the data are coded according to family membership (Fig. 4) and analysed via discriminant analysis, some of the families appear relatively distinct (particularly Antrodiaetidae). However, many of the families show considerable overlap when coded as having a high or low caput (sensu Raven 1985) ; there are no clear discrete non-overlapping clusters. Canonical discriminant function 1, which describes the greatest amount of variation (35%), fails to separate families with elevated caputs from those with low caputs. Canonical discriminant function 2 explains a lesser amount of the variation in carapace shape (23.9%) but at least some of it may correspond to low and high cephalic regions because the individuals with low caputs are more frequently found in the lower portions of the graph, although there are clear exceptions to this pattern.
Discussion
The results of our morphometric analysis of carapace shape, while not entirely surprising, are somewhat disappointing. It is clear that our outline analysis approach fails to distinguish carapace shapes that correspond to discrete clusters of high and low caput categories. However, our inability to delineate the a priori defined 'character states' may be an issue related to the data rather than the approach taken. That is, as discussed by others before (e.g. Bond and Opell 2002) , the states 'high' and 'low' seem arbitrary and can be difficult to objectively distinguish. Moreover, there is no clear association between carapace shape and higher taxon and family assignment, given our sampling in either the PCA or discriminant function analysis (DFA). Although some families tend to be more cohesive in either analysis (e.g. antrodiaetids, Figs 3b, 4) , they are not exclusive with respect to other families (i.e. they are interspersed throughout other families). Other families, for example the Actinopodidae, Morphometric shape characters in phylogenetic analyses may have a distinct morphology in shape space; however, our sampling was not sufficient to detect such a pattern. Although the outline analysis fails to recover cohesive, clustered groupings that correspond to the 'high', 'intermediate' and 'low' categories, the data are organised as a grade across the PCA (Fig. 3) . As mentioned above, in general, the lower half of the PCA is occupied by mygalomorphs with a low caput (with an exception see discussion below). This distribution then transitions into a mixed grade of low-intermediate-high classed carapaces before transitioning to an exclusive cluster of taxa with steeply arched carapaces. The non-exclusivity of the middle transition zone is likely the result of our liberal, subjective interpretations of high and low categorised carapaces. It is, however, important to note that our definition of an intermediate sloped carapace appears to be sound; there are no intermediate classified specimens in the upper and lower halves of the PCA graph. We believe that this substantiates, in part, the efficacy of the outline approach with respect to characterising the steepness of the mygalomorph caput, otherwise intermediate scored taxa should be distributed across the PCA graph in a more 'random' fashion.
Despite the fact that distinct clusters corresponding to low, intermediate and high categories were not recovered in the PCA, using outlines as a means of delineating character states, we believe, seems to be still worth considering. For example, the dashed lines in Fig. 3a correspond to hypothetical regions of shape space where character states could be potentially delineated. The demarcations (Fig. 3a) correspond to high, intermediate, low and 'other -high' (top to bottom respectively). The bottom-most category (other-high) corresponds to taxa with very steeply arched carapaces (an antrodiaetid and an idiopid). The placement of these taxa in the lower region of the PCA graph (Figs 3a, b) and the moderate separation of families in the DFA graph (Fig. 4) likely reflects the fact that the outline analysis does not represent a one-to-one correspondence of carapace arch and outline shape space; that is, the analysis documents a more comprehensive view of carapace shape that includes numerous other parameters. In short, the issue raised here returns to one of the central objections to morphometrics (Zelditch et al. 2000) -what is the correspondence between the morphometric character and the, previously, defined qualitative character and does it (the morphometric character) have any real biological significance?
The four groups delineated here are somewhat arbitrary, however, less so than subjectively determined shape classifications used in previous analyses of mygalomorph phylogeny. However, such delineation could be used as a rough guide for delineating states. Finally, the PCA demonstrates that carapace shape is highly homoplastic across the Mygalomorphae and within families (e.g. the Euctenizinae) and is likely not a great character for diagnosing major groups. Such an observation demonstrates the importance of using exemplar species as terminals in phylogenetic analyses because coding an entire family as having one type of carapace shape in many cases would be flawed.
Conclusions
Although carapace shape is a character used in analyses of spider phylogeny (Raven 1985; Goloboff 1993; Bond and Opell 2002) , its objective characterisation into discrete states is called into question. Our outline-based approach employing an elliptical Fourier analysis demonstrates that this objective method of examining carapace shape does not coincide with our previous assessments of carapace character states. Although the study we present is not exhaustive in terms of taxon sampling and morphometric methodology (perhaps better delineation may occur in the presence of more thorough sampling or using some other morphometric technique), it demonstrates that caution should be exercised when scoring characters that are shape based. It is not clear from the literature (see Swiderski et al. 2002 for a summary of the use of outlines data in phylogenetic analyses) or from this study that outline analysis is an appropriate way to delineate character states (de facto homology statements). However, it is an approach that may prove worthwhile for evaluating our assessments of characters based on shape in an a posteriori manner.
